Sera: Relation to Complement Activation
Summary
Phagocytes isolated from either normal donors or from patients with poststreptococcal (P-SGN), lupus erythematosus (SLE-GN), or membranoproliferative (MPGN) glomerulonephritis showed normal adherence to glass (PAg) after incubation in normal human serum (NHS), but was reduced after incubation in patient serum. Low PAg was the consequence of incubation of normal phagocytes with the earliest available sera from all 22 P-SGN patients, 28 of 37 SLE-GN patients, 19 of 25 patients with MPGN type I, all 10 with types I1 and 111, and all 5 with nephritis associated with chronic bacteremia. Low C3 and decreased PAg were related by regression analysis in sera from patients with P-SGN ( P < 0.001), SLE-GN ( P < 0.005), and MPGN ( P < 0.001) type I. In patients with P-SGN and one patient with nephritis associated with chronic bacteremia, complement levels and PAg returned to normal in parallel with clinical improvement. In vitro, PAg was reduced by N H S treated with either zymosan or bovine serum albumin (BSA)-anti-BSA complexes but neither BSA-anti-BSA complexes or zymosan, previously incubated in NHS, reduced PAg. PAg was normal in serum deficient in C4 or C5 unless treated with zymosan. Abbreviations P-SGN, poststreptococcal glomerulonephritis SLE-GN, systemic lupus erythematosus glomerulonephritis MPGN, membranoproliferative glomerulonephritis BSA, bovine serum albumin NHS, normal human serum PAg, phagocytic adherence to glass RC4 GP, C4-deficient guinea pig serum RC5, congenitally CS-deficient human plasma Previous investigators have described abnormalities in the function of phagocytes (polymorphonuclear leukocytes and monocytes) obtained from the circulation of patients with a variety of glomerulonephritides. These abnormalities include: (a) decreased chemotactic responsiveness of phagocytes from patients with P-SGN, SLE-GN, MPGN, and other nephritides (5. 21, 22) , (b) defective phagocytosis by cells from patients with SLE-GN (2, 23, 3 1, 32, 41) , and (c) decreased adherence to glass by both phagocytes in whole blood from patients with P-SGN (26) and monocytes incubated in serum from patients with SLE-G N (31). I n vitro studies of phagocytes from some of these patients suggest that the impaired cellular function results from factor(s) present in nephritic serum (2, 5, 21-23, 31, 32, 41) related to the complement system (22, 26) and that resolution of these phagocyte abnormalities may reflect lessening of disease activity (22, 26, 3 1) .
Phagocyte adherence has been studied using a variety of in \xifro techniques which substitute negatively changed surfaces for vascular endothelium (25) . Adherence of phagocytes to vascular endothelium has been shown to be prerequisite for many normal functions including diapedesis (I), response to chemotactic stimuli (3), and, in most instances, phagocytosis (39) . The present study investigates the effect of serum from children with glomerulonephritis on the ability of isolated autologous or normal donor phagocytes to adhere to a negatively charged surface. These studies suggest that phagocyte adherence is reduced in the presence of nephritic serum as the result of a humoral phenomenon probably produced by generation of a factor(s) when C3 is activated.
MATERIALS AND METHODS

Stzld)] S l l h j~~t s .
C'ontrol popzrkotion. The control population consisted of 30 healthy adult laboratory personnel, 20 children with various nonrenal disorders, and 32 children with a variety of known renal disorders. All 82 control individuals had normal serum levels of C l q , C4, C3, C5, properdin, and factors B, I, and H.
Patient population. The diagnosis of P-SGN was made in 22 children based on previously published criteria (26, 28) . Twentyone had an initial low C3 level in serum obtained within 10 days of disease onset which returned to normal in all 13 who had follow-up measurements. The renal biopsy from the one patient with normal C3 levels was consistent with P-SGN (28) . A diagnosis of SLE-GN was made in 37 patients who fulfilled the diagnostic criteria established by the American Rheumatism Association (33) . All had nephritis as evidenced by the presence of proteinuria and/or hematuria and all but eight were receiving prednisone when initially studied. All 35 patients with MPGN had one or more renal biopsies (30, 38) and 15 were receiving prednisone in an alternate day regimen when initially studied. A clinical diagnosis of nephritis secondary to chronic bacteremia was made in five patients based on the combination of (a) bacteremia, (b) presence of a ventriculoatrial shunt or valvular heart disease, and (c) proteinuria and hematuria.
Laboratory method.^. Phagocyte adherence assay. Phagocytes were isolated by a modification of the method of Weissmann et ul. (37) . Twenty ml of heparinized whole blood was mixed with 5 ml5% dextran T-70 in 0.9% NaCl (Pharmacia Fine Chemicals, Piscataway, NJ) and 5 ml citrate-glucose-adenine solution (34) . The erythrocytes were allowed to sediment for 1 h at 26°C and the leukocyte-rich plasma was removed. Phagocytes were pelleted by centrifugation and contaminating erythrocytes were removed by hypotonic lysis with 20 ml of distilled water. Thirty ml BSA, 0.01% in 0.9% NaC1, pH 7.4, was added after 30 sec. The suspension was recentrifuged and decanted and the cell pellet was washed once again with BSA solution. The cell pellet was resuspended in gelatin-veronal buffer, pH 7.4, containing 0.15 mM calcium and I m M magnesium (GVB++) and the cell concentration was determined. Typical yields approximated 60-70%. Approximately 80-90% of the isolated phagocytes were polymorphonuclear leukocytes and >97% were viable as measured by trypan blue dye exclusion.
The washed phagocytes were radiolabeled by incubation with 2 FCi of chromium-5 1 (Amersham Corp, Arlington Heights, IL) per 10" cells for I h at 37°C (1 2). Free chromium was removed by three washes with phosphate-buffered saline, pH 7.4 and, when necessary, the cell suspension was filtered through sterile gauze to remove cell clumps or strands. The cell pellet was resuspended in GVB" and phagocyte concentration and viability were determined. An aliquot of the cell suspension was centrifuged and the supernatant was counted to ensure less than 1% free "Cr remained. The final phagocyte concentration was adjusted to between 2 and 4 x 1 0~e l l s / m l by dilution in GVB". For some experiments, phagocytes were isolated from patients' blood (after receiving informed consent) in the same manner.
Phagocyte adherence was determined by mixing 0.1 ml washed. normal, labeled phagocytes (or, in specific instances, labeled patient phagocytes) with 0.1 ml of either autologous serum or test serum in a disposable glass test tube (12 x 75 mm, Fisher Scientific Co., Pittsburgh, PA). All sera from patients and controls were either fresh or stored at -70°C for less than 1 month. The suspensions were mixed and incubated for 30 min at 37°C with occasional shaking and the nonadherent cells were removed by three washings with GVB++. The number of counts remaining in the test tubes which contained autologous serum and cells was considered 100% of control. Counts remaining in test tubes in which cells were incubated with test serum were divided by the 100% of control counts and adherence is expressed as percentage of control. All assays were performed in triplicate.
Activation ofmmplement in vitro. Aliquots of NHS, RC4 G P serum (obtained from guinea pigs kindly provided by Dr. Michael Frank, Bethesda, MD), and human plasma congenitally deficient in C5 (RC5) (kindly provided by Dr. Henry Gewurz, Chicago, IL) were incubated with 4 mg/ml zymosan for 30 min at 37°C. In one experiment, BSA-anti-BSA immune precipitates (27) were incubated with NHS in a similar manner. The activated serum was separated from zymosan or immune precipitates by centrifugation prior to incubation with phagocytes. Both zymosan and immune precipitates lowered the B antigen of C3 in NHS by greater than 60% (36) .
Complement qzlantitation. Serum levels of C l q , C2, C4, C3, C5, and factors B, I, and H were measured by radial immunodiffusion (22. 29, 40) .
Statistical methods. Regression coefficients were calculated by the method of least squares and other comparatives calculated by x 2 using Yates' correction.
RESULTS
Decreased phagocyte adherence induced by serum rather than cellular phenomena. Isolated, radiolabeled phagocytes from either normal individuals or patients with either P-SGN or SLE-G N adhere to glass equally well when incubated with fresh NHS (Table I ). In contrast, both normal and patient phagocytes adhere to glass poorly when incubated with nephritic serum. A similar pattern of PAg was observed with phagocytes isolated from a patient with MPGN (not shown).
Decreased PAX induced by nephritic sera. Adherence of normal, radiolabeled phagocytes incubated with sera from control subjects or from patients with nephritis is shown in Figure 1 . PAg in normal adult serum ranged from 83-125% of control (mean + 2 SD= 100 + 20% of control). Serum from children with nonrenal disorders was associated with normal or increased PAg. However, serum from three of six children with juvenile rheumatoid arthritis gave low adherence. These three children had clinically active, seropositive juvenile rheumatoid arthritis at the time of study. Normal or elevated PAg was produced by 28 of 32 sera from patients with normocomplementemic renal disorders. The patients whose sera gave low adherence had IgAIgG mesangial nephropathy ( I ) , focal glomerulosclerosis (I), and membranous nephropathy (2) .
All initial serum samples from 22 patients with recent onset P-SGN produced low PAg. Similarly, PAg was reduced by 28 of 37 (76%) of the first available serum specimens from patients with SLE-GN, 19 of 25 sera from patients with type I MPGN, all sera from patients with types I1 and 111 MPGN, and all initial sera from five patients with the nephritis secondary to chronic bacteremia.
Relation (fphagocjXe adherence to complement protein levels.
PAg was low in each of the 22 initial serum samples from patients with P-SGN, while levels of C3 and properdin were low in all but one and C5 levels, measured in 9, were low in 6 (Fig. 2 ). Significant correlations between PAg measurements and levels of C3 ( n = 55; r = 0.7; P < 0.001), properdin ( n = 41; r = 0.5; P < 0.001), and C5 ( n = 27; r = 0.5; P < 0.01) were suggested by serial measurements in 13 patients which showed PAg to return to normal in parallel with C3, properdin, and C5 levels (Fig. 3) .
The PAg mediated by the first available serum specimen from (Fig. 4) . Nine of those 22 initial P-SGN serum samples. The normal range for each measure-with low adherence had normal levels of all measured complement is sliuded. 0 , from the one normocomplementemic patient. Levels ment proteins while the remaining 19 contained one or more of factor B in 9 patients and C2, I, and H in 7 patients were normal and low complement component levels. Six of the 9 sera with normal are not shown. values from sera giving normal PAg. Serum C5. I, and H levels were measured in I8 ~atients and were normal and are not shown.
C4 and properdin levels and 1 had both low C l q and C3 levels. Regression analysis suggested a moderate relationship only between lcvels of C3 and PAg ( n = 37; r = 0.49; P < 0.005).
One hundred fifteen serum samples were available from the 37 patients with SLE-GN. Low PAg, induced by 94 of these samples. was associated with a low C3 level in 49 (P < 0.005).
Whereas low PAg was produced by 49 of 51 sera with low C3 levels, 45 of 64 sera with normal C3 levels also resulted in reduced PAg. Regression analysis of levels of PAg versus levels of complement proteins suggested a relationship only with levels of C3 ( n = 115: r = 0.30; P < 0.01) and factor B (n = 67; r = 0.43: I-' < 0.001). The data were inadequate to assess the relationship between disease activity and PAg levels.
In patients with MPGN, as shown in Figure 5 , low PAg was induced by the earliest serum available from 19 of 25 patients with type I, all 4 with type 11, and all 6 with type 111. Adequate numbers of measurements for statistical analysis were available only from patients with type I MPGN. In these patients, regression analysis revealed a significant correlation between levels of PAg and C3 (n = 25: r = 0.81; P < 0.001), C2 (n = 17; r = 0.47; P < 0.05), and properdin ( n = 22; r = 0.49; P < 0.02).
Low PAg was induced by all five serum samples from patients with ncphritis associated with chronic bacteremia. All had low C3 lcvels. Three had low C4 levels and two had low properdin levels. In one patient, complement component levels and PAg returned to normal in parallel following antibiotic treatment. Long term follow-up of the other four patients or of the patients with MPGN is not adequate to assess a relation between disease activity and PAg.
Rrlufion.ship of itninllnc cotnplexes to PAg. The effect of immune complexes formed in vilro on PAg was investigated due to the common association of circulating immune complexes with the nephritides whose sera has been shown to induce low PAg. Incubation of normal phagocytes with BSA-anti-BSA immune precipitates (or aggregated IgG), suspended in GVB", with or without prior incubation in NHS, did not alter PAg. In contrast. NHS in which BSA-anti-BSA immune precipitates had bccn incubated caused a marked reduction in adherence. Table 2 , incubation of normal donor phagocytes with autologous serum, C4-deficient guinea pig serum, or C5-deficient human serum resulted in normal PAg. Treatment of these sera with zymosan prior to incubation with phagocytes resulted in very low PAg. Zymosan harvested after incubation in NHS caused n o reduction of PAg.
6ffk.l of in vilro complemmt ucl i w f ion, comnplcmcn f inactivulion, or rcldzrer ion of c'otnplnnrtit coinpon~nt 1evcl.s on PAX. As shown in
Inactivation of the C3b amplification loop in NHS by heating at 50 or 56°C (for as little as 4 min) or addition of heparin, hydrazine, or divalent cation chelators resulted in impaired PAg. However, mixing increasing amounts of 0.9% NaCl with NHS to lower complement levels did not alter PAg.
DISCUSSION
The association of reduced phagocyte adherence with glomerulonephritis was first suggested for SLE by Svensson (3 1) who showed that monocytes cultured in the presence of serum ad- Figure 4 . In serum from patients with type I MPGN, low levels of factor B and I were present in 2 and low H was found in 3 (not shown). (26) observed decreased glass adherence of phagocytes in whole blood from patients with P-SGN. In the present report, sera from patients with P-SGN, SLE-GN, and MPGN were associated with decreased adherence of phagocytes whether the cells were autologous or isolated from normal donors. These same normal or "nephritic" phagocytes when incubated with NHS adhered normally. As suggested for SLE by Svensson (3 I), the altered adherence was thus the result of a serum factor(s).
The relationship between PAg and glomerulonephritis appears to extend to disease activity. Decreased adherence induced bv serum from patients with .P-SGN clearly paralleled both thk disease course and the rise of C3, C5, and properdin levels in those patients who were originally hypocomplementemic. A similar observation was made by Ruley et al. (26) . Additionally, low C4, C3, and PAg levels returned to normal in parallel with antibiotic therapy in one patient with nephritis associated with a chronically infected ventriculoatrial shunt. Although the relationship between disease activity and reduced adherence for patients with SLE-GN and MPGN remains unclear due to insufficient long term follow-up, Svensson (3 I) suggested a relationship between monocyte adherence and disease activity in three patients with SLE.
The mechanism for decreased PAg after incubation with nephritic serum is poorly understood yet appears from the excellent correlation of PAg with C3 levels in patients with P-SGN, SLE-GN, and MPGN in the present report to be related to complement. A number of investigators have shown complement to be necessary for normal PAg when phagocytes are incubated with serum. Treatment of NHS by chelation of divalent cations (3, 4, 9, 13, 17, 25) or heating (3, 13, 17, 25) results in decreased adherence. In addition, magnesium has been shown to preferentially restore adherence of cells incubated in chelated serum (4, 10, 13) . These observations suggest that in NHS heat-labile, divalent cation-dependent complement proteins are necessary for normal PAg and the demonstrated magnesium dependency indicates that an intact C3b amplification loop is necessary. This was further shown in the present study by demonstrating normal adherence of phagocytes incubated with RC4 or RC5 serum but impaired PAg when the C3b amplification loop of either of these sera was activated by zymosan. These results suggest that, unlike phagocyte aggregation (8), C5a is not responsible for the altered adherence induced by con~plement-activated serum. The observation that PAg is not reduced by diluting NHS with 0.9% NaCl indicates that complement proteins are not required for adherence. It is more likely that NHS contains an inhibitor of PAg which is normally controlled by an intact C3b feedback system. Alteration in the function of the C3b amplification loop, whether by in vitro manipulations or by in vivu activation, results in impaired PAg. This hypothesis will require further investigation.
Our results appear to contrast with those from earlier reports (7, 19, 20, 24) which suggested enhancement of phagocyte adherence by complement-activated serum but there are significant differences in technique. Craddock et a/. (7) , using heat-inactivated normal plasma as a control rather than NHS as used in the present study, noted increased phagocyte adherence to plastic following incubation with zymosan-activated plasma. Our experiments (unpublished) using serum are similar to observations by Craddock et al. (7) and have consistently shown more impairment of PAg by heat-inactivated serum than by zymosanactivated serum. Using nylon wool columns, enhancement of adherence of phagocytes in complement-activated whole blood has been observed (19, 24) but McCillen and Phair (20) have shown this to be due to nonspecific trapping of aggregated phagocytes in the nylon wool columns. These experimental variables were avoided in the present report by using normal phagocytes reconstituted in autologous serum for controls and a glass adherent surface which avoids nonspecific trapping of aggregated phagocytes.
Although complement activation in vitro and low C3 levels ii? vivo are clearly related to induction of low adherence as shown herein, the finding of extremely low PAg induced by many nephritic serum samples from normocomplementemic patients suggests that serum factor(s) other than complement, but perhaps related to the complement system, may be responsible for low PAg. The presumed relation of immune complexes to the nephritides associated with decreased PAg suggested to us the possibility that circulating complexes represented the common contributor to impaired adherence. However, PAg was not altered when normal phagocytes were incubated with preforme'd immune complexes which had previously been incubated in NHS, indicating that the complexes were not responsible for lowering PAg.
Another possible contributor to decreased PAg was the preclnisone therapy used daily by 29 of our patients with SLE-GI\I and every other day by 15 patients with MPGN. MacGregor (I 13, 19) has shown that corticosteroids may decrease phagocyte adhesiveness. However, in our experience with serum from patients with idiopathic nephrotic syndrome or postrenal transplantation receiving daily or alternate day prednisone, no impairment in PAg, as measured by the technique used in the present stud:y, has been observed.
The significance of decreased PAg in the pathogenesis of glomerulonephritis remains obscure. The altered ability of phagocytes to adhere to glass may be reflected in vivo by altered endothelial adherence. Systemic complement activation, such iIS occurs with immune complex diseases, appears to paralyze phagocytes (I 5). Unable to adhere to the glomerular capillary endothelium and phagocytose immune complexes lodged there, phagocytes may damage the glomerular basement membrane with lysosomal enzymes (14, 15) released in response to locally deposited complement by-products (6, 35) . Alternately, the observed impaired phagocyte adherence might be related to leukocyte aggregation which may also occur in association with systemic complement activation (1 6). Aggregated leukocytes may transiently plug glomerular capillaries and release damaging lysosomal enzymes as has been proposed for the pulmonary leukocyte sequestration syndrome (16) . Lastly, altered phagocyte adherence may not be at all related to the glomerular inflarnmatory reaction. Rather, altered adherence may change the hos~t's ability to clear circulating immune complexes, thereby enhancing their glomerular capillary deposition.
Summary
We measured blood glucose, serum insulin and apoprotein A-I and A-11, and triglycerides and cholesterol contained in serum lipoprotein fractions of 24 full-term newborn infants who underwent exchange transfusion with heparinized blood for hematological reasons. The values were similar to those previously reported for healthy newborn infants. We also measure lipoprotein and hepatic lipase activities with specific methods. Fifteen minutes after an intravenous heparin bolus of 100 IU/kg, mean lipoprotein lipase activity in infants (16.0 pmol free fatty acids/ml/h) was as in adults. In contrast, hepatic lipase activity was significantly higher in infants (54.3 pmol free fatty acids/ml/h) than in adults. There was no sex difference in the infant lipase activities. Lipoprotein and hepatic lipase activities were also measured 5 and 15 min after a heparin bolus of 10 and 50 IU/kg: 10 IU/kg released only part of the lipase activities. In addition, the two lipases were measured during the exchange transfusion. Although 92% of the original infant blood was removed, lipoprotein lipase activity remained constant. In contrast, hepatic lipase activity decreased considerably. In infants, postheparin lipolytic activity is a conventional measure of lipoprotein lipase. Lipoprotein and hepatic
